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Abstract
In situ studies of plastic deterioration can help us understand the longevity
of macroplastic as well as the generation of microplastics in the environ-
ment. Photo-oxidation contributing to the generation of microplastics in the
marine environment was explored using four types of plastic (polyethene,
polystyrene, poly(ethylene terephthalate) and Biothener exposed in light
and in shade, in both air and sea water. Metrics for deterioration were
tensile extensibility and oxidation rate. Measurements were conducted at
intervals between 7 and 600 days’ exposure. Deterioration was faster in air
than in sea water and was further accelerated in direct light compared to
shade. Extensibility and oxidation were significantly inversely correlated in
samples exposed in air. Samples in sea water lost extensibility at a slower
rate. Polystyrene, which enters the waste stream rapidly due to its wide
application in packaging, deteriorated fastest and is, therefore, likely to form
microplastics more rapidly than other materials, especially when exposed to
high levels of irradiation, for example when stranded on the shore.
Keywords: plastic deterioration, natural environment, polystyrene,
photo-oxidation, tensile properties, FTIR
1. Introduction
This study characterises molecular and mechanical aspects of deteriora-
tion of polyethene, polystyrene, poly(ethylene-terephthalate) and Biothener,
an oxy-degradable polyethene advertised as ”100 % degradable” , when ex-
posed in air and sea water. The experiment was conducted in the natural
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environment to better inform predictions of the deterioration of marine de-
bris.
Almost 40 % of the demand for plastics in Europe comes from packag-
ing (PlasticsEurope, 2012). Packaging applications dictate that the service
lives of these products are very short, and that these materials enter the
waste stream at a higher rate than plastics from other applications. One
of the key attributes of plastic items is their durability; nonetheless, they
will deteriorate in the environment over time, primarily due to exposure to
UV radiation and mechanical abrasion (Colton et al., 1974; Gregory, 1978;
Andrady, 2003; Thompson et al., 2004). Environmental contamination asso-
ciated with plastic deterioration has been a concern since the 1970s (Colton
et al., 1974; Gregory, 1978); more recently attention has focused upon mi-
croplastics (Thompson et al., 2004) and their environmental impacts, partic-
ularly in the marine environment (Teuten et al., 2007; Browne et al., 2008;
van Cauwenberghe et al., 2012; Goldstein and Goodwin, 2013; Cole et al.,
2014; Lee et al., 2014). Microplastics can be generated (among other sources)
from the deterioration of larger plastic debris. Their presence in the ocean
may often be traced back to deterioration of larger items, which have formed
as a consequence of loss of structural integrity.
Marine debris is frequently washed ashore from the ocean but may pre-
viously have been dispersed at sea for extended periods of time. This is
evidenced by remote beaches with no anthropogenic activity being littered
with large quantities of plastics (Lucas, 1992; Barnes, 2005; Bond et al.,
2014). Therefore, ’marine’ debris may spend significant amounts of time on
land, and may thus alternately be exposed to two environments that would
affect deterioration in different ways. In order to further our understanding
of the sources of variation in the deterioration of macroplastics and the gen-
eration of marine microplastics, it is valuable to compare the deterioration
of plastics on land to that in seawater.
One significant contributory factor affecting plastic deterioration is the
breaking of polymer chains at the molecular level (Klemchuck, 1990). Crosslinks
of long polymer chains provide the material’s cohesion in many types of plas-
tic; the lower the molecular weight, the less mechanically stable the material
is (Sawai et al., 2006). Light, especially UV radiation, causes polymer chains
to break (Allen et al., 1983; Ranby, 1989; Gardette et al., 1995) in a re-
action called photo-oxidation, which has been cited as the most important
environmental cause of polymer deterioration (Carrasco et al., 2001). For ex-
ample polyethene and polypropylene lose extensibility, mechanical integrity
and molecular weight when exposed to UV radiation (Hamid and Prichard,
1991; Andrady et al., 1993a; Marek et al., 2006; Obadal et al., 2006; Singh
and Sharma, 2008). Therefore, plastic deterioration can be quantified by
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assessing the material’s tensile properties (ISO/DIS, 2009). Deterioration of
plastics due to factors such as radiation or heat has been studied in labora-
tory settings (Israeli et al., 1994; Gardette et al., 1995; Nagai et al., 1999;
Copinet et al., 2004), but these studies have been conducted largely as qual-
ity assessments on material stability. In order to understand the generation
of microplastics, it is essential to explore deterioration processes in an envi-
ronmental setting.
Effects of environmental exposure on plastics’ tensile properties have been
studied in both air and (surface) sea water (Pegram and Andrady, 1989; An-
drady et al., 1993b,c).The evolution of chemical bonds resulting from oxi-
dation have also been observed in simulated natural conditions on plastic
pellets (Brandon et al., 2016). Plastic films (as opposed to pellets) offer the
possibility to record changes in both tensile properties and chemical bonds.
Plastic films also represent post-consumer waste as opposed to raw material
waste and thus a different source of marine debris to plastic pellets.
Studies that observed material deterioration to date have also mostly fo-
cused on surface debris. However, plastic debris become negatively buoyant
when organisms colonise them and thus alternate between being at the sur-
face and submerged (Song and Andrady, 1991). Marine debris also become
submerged by wind mixing, and it is estimated that this factor alone causes
60 % of debris to be submerged at any given time (Kukulka et al., 2012). It
is therefore pertinent to consider deterioration of plastics that are not at the
surface; this study addresses this by exposing samples in one metre of sea
water.
Photo-oxidation is initiated by the cleaving of a hydrogen atom off a
polymer in the presence of oxygen, the polymer forming a peroxide. The
high reactivity of the peroxide propagates this reaction throughout the ma-
terial. The reaction is terminated by an oxygen radical cleaving its own
polymer and forming a methylene group at one end and a carbonyl group at
the other end (Kuzina and Mikhailov, 2001). This increase of characteristic
polymer chain end groups presents the opportunity to detect and measure
plastic deterioration at a level that is undetectable from the perspective of
mechanical strength or visible material integrity. Carbonyl and/or hydroxyl
density can be detected by infrared or X-ray photoelectron spectroscopy as
an indicator of chain-ends that are typical of photo-oxidation (Allen et al.,
1983; Nakayama et al., 1996).
The present study characterised deterioration processes causing loss of
mechanic stability of plastics. This was achieved by assessing material in-
tegrity and by quantifying the role of oxidation as measured in chain end den-
sity using FTIR spectroscopy. To examine the environmental factors lead-
ing to generation of microplastics in the marine environment, two factors:
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medium (air versus sea water) and illumination (light versus shade) were
considered. Three materials, polyethene, polystyrene and poly(ethylene-
terephthalate), were selected for their wide application in packaging. In addi-
tion, Biothener was selected as a representative of the plethora of materials
that carry the label ’bio’ either for being plant-based or for being ’biodegrad-
able’, to compare its deterioration characteristics to the other three materials.
Biothener is advertised to have enhanced deterioration properties due to a
metal ion additive (http://www.biothene.co.uk, Apr. 29 2012).
2. Methods
2.1. Materials
Four plastic types were sourced as newly produced carrier bags or films
and prepared as described below. The materials were cut into 5 x 30 cm
strips.
Biothener 500, 375 x 450 + 75 mm White Biothener Carrier Bags were
purchased from http://www.midpac.co.uk, 19 Binns Close, Tile Hill,
Coventry, West Midlands, CV4 9TB, United Kingdom.
Polyethene 500, 375 x 450 + 75 mm White Polyethene Carrier Bags were
purchased from http://www.midpac.co.uk, see address above.
Polystyrene One roll of 300 mm wide ST311050 Polystyrene Film 50µm
thick was purchased from BANDO CO., LTD., 704-900, 358-66, Galsan-
dong, Dalseo-gu, Daegu, 704-900 KOREA.
Poly(ethylene terephthalate) One roll of 300 mm wide Polymex PI700
matte translucent untreated polyester film 50µm thick was purchased
from http://www.polymex.co.uk, Polymex Limited, Meridian House 62
Station Road, North Chingford, London, E4 7BA, United Kingdom.
To best address debris resulting from post-consumer plastics, commercial
products were selected as test materials. The information available on these
is limited (compared to raw materials), as some of it is protected as the
manufacturers’ intellectual property. Nevertheless, the materials could be
characterised to a large extent. The volumetric mass densities of the materi-
als were calculated from the sample area (5 x 30 cm), thickness as measured
5 times per sample with a Vernier calliper accurate to 20 m and weight as
measured with an analytical balance. Tensile extensibility and strength of
each material were measured at time 0. Densities and tensile properties are
listed in Table 2.1. FTIR spectra of each material were also recorded at time
0; these spectra are illustrated in Figure 3.
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Table 1: Mean volumetric mass densities of 145 samples of each material type based on 5 x
30 cm area, as well as thickness and mass of each sample; tensile strength and extensibility
of 10 samples of Biothenerand poly(ethylene terephthalate) and 9 samples of polyethene.
Material Density
(g cm−3)
Thickness
(µm)
Mass (mg) Tensile
strength
(N mm−2)
Tensile ex-
tensibility
(factor)
Biothene(R) 1.12 ± 0.11 43.17 ±
4.94
715.17 ±
23.95
6.39 ± 0.95 45.38 ±
13.52
Polyethene 1.05 ± 0.1 42.81 ± 9.5 662.83 ±
31.81
7.03 ± 0.85 27.01 ±
3.68
PET 1.15 ± 0.03 60 ± 0.82 1038.28 ±
28.49
0.80 ± 0.14 374.64 ±
28.74
Polystyrene 1.1 ± 0.19 46.07 ±
9.23
734.55 ±
20.75
3.00 ± 1.13 53.52 ±
12.28
2.2. Experimental design
The experiment was laid out in an orthogonal design with 4 fixed factors:
’material’, ’environment’, ’lighting’ and ’exposure duration’. Each level in
the orthogonal combination of factors contained 5 replicates (five samples of
the same material attached to each exposure rig). The experiment was set up
in nine cohorts to be collected and analysed 7, 14, 21, 28, 100, 240, 360, 480
and 600 days after deployment. An initial deployment in which first sampling
time was after 240 days revealed that substantial deterioration had already
occurred in the first 240 days, especially in polystyrene, this prevented as-
sessment of the deterioration indicators for some samples. Therefore, the 7,
14, 21, 28 and 100 day cohorts were subsequently deployed to account for
more rapid material changes or losses in select materials and treatments.
2.3. Sample exposure
Samples were exposed in sea water and air on 27th and 24th August 2010
respectively. In both environments one location illuminated by natural sun-
light and one shaded location were selected; one set of samples was retained
in constant dark conditions in the laboratory as a control (see Table 2.3).
The light intensity in the illuminated location was 10 times stronger than
in shade in air, and 5 times stronger than in shade in sea water. Light in-
tensity in air was approximately 15 times that in sea water. No measurable
light entered the control environment. Sea water salinity and temperature
at sample depth at the exposure site were 29.5 ppt and 11.8 C respectively
in May 2012.
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Table 2: Exposure locations in Plymouth, UK and corresponding means standard devia-
tions of light intensities.
Parameter Sea water Air Control
Site Queen Anne’s
Battery Marina,
visitor pon-
toon (50.365◦N,
4.132◦W) in 1 m
of water
Skardon Gar-
den (50.378◦N,
4.137◦W)
Plymouth Uni-
versity, Labora-
tory
Illuminated Along West side
of ponton,
South-facing
wall, 3m above
ground
n/a
Shaded Underneath
pontoon
North-East fac-
ing wall, 1.5
to 2 m above
ground
Hanging in a
cardboard box
Wooden beam clamps were used to deploy the samples (O’Brine and
Thompson, 2010). Each wooden beam clamp was designated to one treat-
ment combination, bearing five samples of each material. Samples were cush-
ioned with several layers of the same material in order to protect them from
being torn off along the edge of the clamp. Staples were used to attach
the samples and the two wooden beams forming the clamp were attached
together using screws (Figure 2.3).
In sea water the clamps were weighted to prevent flotation and deployed
at a depth of 1 m. In air they were attached to a wall at the end of 30 cm long
brackets that prevented the samples from being abraded against the wall.
In order to confirm and quantify the difference between illuminated and
shaded conditions, relative light intensities were measured in both using a
Skye Instruments PAR Quantum Sensor (SKP215).
2.4. Measuring deterioration
Prior to and after exposure, samples were collected and stored under
controlled conditions and analysed as quickly as possible. They were weighed
using an analytical balance, their thickness was measured in five random
locations using a mechanical Vernier calliper accurate to 20 µm and their
surface area was assessed visually as a percentage of their original area.
2.4.1. Tensile properties
Extensibility (elongation at breaking point as a multiple of original length,
’strain’) of one specimen per sample was assessed with an apparatus that
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Figure 1: Detail of sample attachment method showing the brass screw (a), the upper
beam (b), the cushioning material layers (c), the sample (d), the copper staples (e) and
the lower beam (f) and wooden beam clamp with attached samples (g).
complied with ISO 5893 (Instron, system ID 3345 k1669, force transducer
model 2519-104, capacity 500 N). The elongation rate was set to 40 mm min−1.
The specimens were cut into the shape illustrated in Figure 2.4.1 (British
Standards Institution, 1996) using a Swann-Morton stainless steel surgical
blade on a cutting mat. The specimen dimensions used were b = 10 mm,
l3 = 150 mm, l0 = 50 mm and l = 50 mm (l was reduced according to British
Standards Institution (1996) guidelines as a longer l would cause specimen
elongation to exceed instrument capacity); h was measured for each sample
individually upon deployment.
2.4.2. Fourier transform infrared spectroscopy (FTIR)
Samples were cleaned of organic material using absolute ethanol prior
to being processed. 5 replicate subsamples of each material were extracted
from each sample from the proximal and the distal (relative to the point of
attachment to the beam clamp) ends on both edges of the strip and from
the centre of the strip. The replicates were placed on a two-part diamond
window microscope slide and scanned 32 times using a Bruker Hyperion 1000
FTIR microscope operated with the OPUS TM 5.5 software package.
The resulting spectra of non-exposed material samples and samples ex-
posed to illuminated air (exposed to the highest UV radiation) were exam-
ined visually to identify absorption bands that had changed over time. These
bands were selected for statistical analysis (Figure 3).
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Figure 2: Figure 2: Specimen type 2 (British Standards Institution 1996) applied in the
tensile properties test. b: width, h: thickness, l: grip distance, l0: gauge length, l3:overall
length.
Figure 3: FTIR spectra (attenuation coefficient vs. wavenumber (cm−1)) of non-exposed
(black solid line) and exposed in terrestrial light environment for 600 days (28 days for
polystyrene) (red solid line). The peaks of the red vs. the black line were selected for
further examination. No defined unique peaks could be identified for poly(ethylene tereph-
thalate).
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2.5. Data analysis
Due to the large number of tested treatments, the sample size per treat-
ment had to be kept small in order to keep the experiment manageable
(n = 5). Therefore, the data analysis was designed to accommodate data
with non-normally distributed residuals. PRIMER v6 (Clarke and Gorley,
2006) with the PERMANOVA+ add-in package (Anderson et al., 2008) per-
form univariate and multivariate analyses that are based upon triangular
between-sample similarity or dissimilarity matrices calculated using a vari-
ety of metrics rendering analyses independent of the raw data error structure.
Deterioration of materials was quantified as the change of material proper-
ties over time. The significance of any differences between exposure times was
tested using permutational multivariate analysis of variance (PERMANOVA).
The effect of light upon each material in each environment was tested us-
ing planned pair-wise contrasts in PERMANOVA, comparing samples that
were exposed in well illuminated conditions with their counterparts in the
shaded location. A significant difference between samples exposed in illumi-
nated and shaded locations increasing along sampling dates would indicate
that light influences material deterioration.
To test the relationship between oxidation and extensibility a PRIMER v6
RELATE test of correlation between extensibility and carbonyl absorption
band value was conducted for each material separately using Spearman’s
Rho. A poor correlation would indicate that loss of extensibility must be
related to factors other than oxidation.
3. Results
3.1. Change in material properties over time
All materials lost extensibility, and this occurred most rapidly in il-
luminated air, polystyrene being the most extreme with almost complete
loss of extensibility within a week (Figure 4). Polyethene (and presumably
polystyrene, based on the rate of sample loss through tearing) became unsta-
ble at a significantly faster rate in shaded air than in water. Biothener and
poly(ethylene terephthalate) retained the same stability in shaded air as in
water. Replicates of extensibility measurements became progressively fewer
(Appendix, Table 3) with increasing exposure duration, as samples became
detached from the clamps due to embrittlement.
Molecular constitution also showed changes over time, foremost in polystyrene,
but also in Biothener and polyethene. As measured by the infrared light ab-
sorption at the specific band, the density of hydroxyl (3450 cm−1), carbonyl
(1713 cm−1) and other photo-oxidation products (1100 cm−1) of polystyrene
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Table 3: RELATE statistics from PRIMER v6 showing Spearman’s Rho for the correlation
of strain and the Carbonyl absorption band value and its significance level based on 9999
random permutations of the values.
Environment Material Spearman’s Rho Significance (p)
Air Biothener 0.614 < 0.001
Polyethene 0.554 < 0.001
Polystyrene 0.293 < 0.001
Sea water Biothener 0.034 0.2
Polyethene 0.006 0.5
Polystyrene 0.048 0.15
all increased 2 to 4 times more within 28 days exposure in illuminated air
than within 100 days in shaded air. The density increase of these oxidation
products was uniform but became slower over time in illuminated air (Figure
5). Changes in the attenuation coefficient of the 1100 cm−1 absorption band
between the 21 days and the 28 days cohort were not statistically significant.
3.2. Difference between environments
Biothener, polyethene and polystyrene exhibited considerable oxidation
as measured through the carbonyl content in both illuminated and shaded
air. No significant change of hydroxyl or carbonyl was recorded in sea water
except for a marginal carbonyl increase with polyethene in illuminated sea
water (Appendix Table 4).
Polystyrene lost almost all its extensibility after 100 days in both il-
luminated and shaded sea water, and the uniform loss of extensibility of
Biothener was also faster in both illuminated and shaded sea water than
in the control environment. In fact the loss of extensibility was faster in sea
water than in air in the beginning. While Biothener extensbility continued
to steadily decrease in air, it did not significantly change between 240 and
600 days in sea water.
The relationship between the molecular constitution and tensile proper-
ties was not the same in air as in sea water, as shown by the RELATE statis-
tics in PRIMER-v6 (Table 3). While extensibility and molecular constitution
were strongly linked in Biothener, polyethene and polystyrene that were ex-
posed in air, there was no such effect in sea water. The analysis showed that
in air there was a significant correlation between the number of polymer chain
ends (carbonyl groups) and the material’s stability as measured by extensi-
bility. In sea water, where material stability was also reduced over time (see
Figure 4) but this effect was not correlated with an increase in molecular
chain ends.
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Figure 4: Mean (±se) extensibility at breaking point of all four materials in both envi-
ronments and both lighting conditions plotted against exposure time (days, x-axis). Open
symbols: light; filled symbols: shade; squares: sea water; circles air; shaded area= stan-
dard error interval of controls; note that in almost all cases the extensibility was lower
in samples exposed in the environment than for the controls. The data series are shifted
along the x-axis for clarity.
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Figure 5: Evolution of the infrared absorption band and standard error of polystyrene at
1713 cm−1 (carbonyl). Circles represent air, squares sea water. Open shapes represent
illuminated, solid shapes shaded locations; the green area represents the standard error
interval of the control.
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3.3. Difference in deterioration processes between materials
Materials differed in changes of extensibility (Appendix Table 3) and
carbonyl absorption bands (Appendix Table 4), and there was a significant
interaction between deterioration, environment and material. For instance,
Biothener deteriorated faster in air compared to sea water than polyethene,
while the two materials could not be distinguished on a molecular level as
characterised by FTIR.
In terms of tensile properties and molecular constitution, polystyrene de-
teriorated faster than the other materials (Figure 4). While Biothener uni-
formly lost extensibility in all environments including the control, polyethene
only started losing extensibility after 240 days exposure in shaded air. Poly(ethylene
terephthalate) remained within the variation of the control over the whole
duration of the experiment in all environments, except illuminated air, where
extensibility appeared to abruptly drop between 240 and 360 days exposure
(no statistical analysis as n = 1 at 360 days).
The substantial increase in the hydroxyl absorption band in illuminated
air compared to sea water was clearly different for polystyrene compared to
Biothener and polyethene. The hydroxyl absorption band did not signifi-
cantly change in either Biothener or polyethene .
Biothener, polyethene and polystyrene all underwent a substantial in-
crease in the attenuation coefficient of the carbonyl absorption band in
both illuminated and shaded air, but light and exposure duration had a
greater effect on the carbonyl content of polysterene than those of Biothener
and polyethene . Polystyrene forms carbonyl chain ends more rapidly than
Biothener and polyethene when exposed in illuminated air.
Poly(ethylene terephthalate) most noticeably showed a loss of extensibil-
ity in illuminated air, but little effect in other treatments (Appendix Table
3). Materials also differed in how the various treatments affected the rate of
deterioration. Light conditions generated a larger effect on polystyrene than
on Biothener or polyethene in samples exposed in air.
3.4. Effect of light
Exposure in air - by contrast to sea water - produced a uniform difference
of the measured properties between the illuminated and the shaded locations.
It also had the greatest difference in irradiance.
The extensibility of polyethene had dropped to twice its original length
after 240 days in illuminated air versus six times that in shaded air (Appendix
Table 5). The extensibility of Biothener and poly(ethylene terephthalate)
in illuminated air were last measured after 360 days. In shaded air the
extensibility of Biothener and polyethene continued to decrease whilst that
of poly(ethylene terephthalate) remained constant (Figure 4).
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Changes in the the molecular constitution of polystyrene differed substan-
tially between illuminated and shaded air (Appendix Table 6). The much
greater rate of increase of the attenuation coefficient of the carbonyl absorp-
tion band was similar to the difference in irradiation between the light and
shaded air locations . The evolution of the carbonyl absorption bands of both
Biothener and polyethene were twice as fast in illuminated as in shaded air.
A further difference between illuminated and shaded air in these two materi-
als was the continuity of the change in molecular constitution. In illuminated
air the absorption coefficient increased continuously over time, whilst it was
highly variable in shaded air.
4. Discussion
All materials tested in this study shared one common outcome: they dete-
riorated much faster in illuminated air than in any of the other environments
which reconfirms the findings of Pegram and Andrady (1989) and Andrady
et al. (1993c). Extensibility of all materials declined substantially faster in
air than in sea water. Polystyrene deteriorated much faster than the other
tested materials and showed a high sensitivity to light. In sea water, a factor
other than photo oxidation appeared to cause the materials to destabilise, as
loss of extensibility was observed, but very little evidence of oxidation was
found. However, with the exception of Biothener and polystyrene there
was no significant loss of extensibility in sea water . Extensibility proved to
be a good indicator of material stability. It differentiated between materials
and treatments, and illustrated the mechanical consequences of molecular
changes.
In terms of importance for marine debris, the faster deterioration rate
in air versus sea water means that plastics will begin to deteriorate and
consequently to shed microplastics more rapidly on shorelines than when in
the sea. Andrady et al. (1993a) suggested that the more rapid deterioration in
air was due to higher temperatures and higher UV irradiance, partially due to
absence of fouling, although the inherent attenuating properties of seawater
themselves were doubtlessly important. An aspect of environmental effect
on plastic deterioration that was not addressed in this study was alternation
between environments. Future studies could repeat the present experiment
but switch the samples between air and sea water, shade and sunlight. In this
study deterioration was strongly influenced by the environment. For example,
in sea water the materials’ tensile properties changed while their molecular
constitution remained constant, whilst in air the loss of extensibility was
likely related to the presence of oxidised polymer chain ends. Our study was
limited by the selection of exemplar materials, which can only be considered
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as representatives of each polymer from a specific manufacturing process.
different formulations of each molecule, passing through different processes
might respond to environmental exposure in different ways. However, the
selected formulations were sourced from carrier bags and packaging film used
in the food industry; they are widely used post-consumer materials, and
the patterns, similarities and differences highlighted here should stimulate
further, more detailed investigations in the future.
Air and sea water differ in more ways than oxygen availability and the
intensity of UV radiation, and so a variety of factors may have resulted in
the measured differences (i.e. change in molecular constitution and change
in tensile properties) between environments. Although individual results for
Biothener and poly(ethylene terephthalate) show an effect of light, this
study does not examine the individual factors that contribute to material
deterioration, but concentrates upon the difference in deterioration rate be-
tween sea water and air. Biothener deteriorated twice as fast in illuminated
air as in sea water, polystyrene about 50 times as fast in air as in sea water.
Further work would be needed to establish any environmental consequences
of this deterioration; for example the generation of microplastics or the re-
lease of additive chemicals. For polyethene and poly(ethylene terephthalate)
no measurable deterioration occurred in sea water over the course of the
study.
While Biothener, polyethene and poly(ethylene terephthalate) remained
stable for 3 to 6 months even in illuminated air, polystyrene lost almost all
of its extensibility in a matter of days. Polystyrene has a strong reaction to
UV radiation, because it has tertiary bonds that accelerate oxidation prop-
agation and hinder termination (Amin and Scott, 1974). This means that
a piece of polystyrene that is washed up on a beach possibly after years of
being in the ocean could become extremely brittle in a relatively short period
of time, and very little mechanical stress would be needed to cause it to then
shed microplastics. Indeed, previous studies have reported that plastics in
the marine environment deteriorate primarily on beaches as the temperature,
friction and UV irradiance are higher than in water (Gregory and Andrady,
2003). This study therefore provides a semi-quantitative illustration of po-
tential deterioration of 4 types of plastic on beaches (our samples in air)
versus in seawater, indicating a difference of two orders of magnitude for
polystyrene.
Biothener, polyethene and poly(ethylene terepthalate) did not deterio-
rate as rapidly as polystyrene in illuminated air, but did so at an accelerated
rate compared to in sea water. Items that are made from these materials that
are washed ashore are also likely to produce microplastics over a longer period
of time. It is therefore possible that a large portion of theh microplastics now
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present in the ocean may have been formed by fragmentation out of water,
for instance on the shoreline when washed up or before entering the ocean
on a source beach, supporting a hypothesis that the stock of these materials
currently in the sea represents a potential future source of microplastics for
years to come. Plastics may, of course, alternate between seawater and areas
further inland than the shoreline, which would call for an adjustment in any
estimate of proportion of time spent on land versus sea water. However, this
would not affect the outcome of this study or the conclusion regarding the
role of sea water slowing down deterioration compared to air.
Previous studies attributed lower rates of extensibility loss in sea water
than in air to lower temperatures (Pegram and Andrady, 1989) and to bio-
fouling (Andrady et al., 1993a) which inhibit oxidation . This study suggests
that any loss of structural integrity in sea water occurs for reasons other than
oxidation. Very little evidence of oxidation of Biothener, polyethene and
polystyrene was observed in sea water. Polystyrene and Biothener, which
exhibited substantial loss of extensibility in air likely linked to oxidation, also
showed less loss of extensibility in sea water, but more than the indicated
levels of oxidation could account for, based on the observed relationship be-
tween oxidation and extensibility loss in air. Biofouling has been listed as
a factor promoting loss of structural integrity (Andrady et al., 1993a) espe-
cially on materials with starch additives. Neither material with significant
loss of extensibility in sea water had such additives, but substantial biofoul-
ing was observed and may potentially contribute to material deterioration
in other ways. Some possible effects of biofouling on material stability are
increasing drag and chronic shear stress in floating debris or through some
other biochemical effect of fouling.
This study challenges the environmental relevance of plastics with en-
hanced degradability, as Biothener deteriorated in much the same timescale
as conventional polyethene. Concerns have been raised over the effective-
ness of metal ion additives to improve degradability (Osawa, 1988); some of
these materials may simply present a faster way for microplastics to form
from larger debris. However, microplastics aside, in the current experiment
Biothener did not deteriorate faster than polyethene.
5. Conclusion
Out of the three widely used conventional materials polyethene, polystyrene
and poly(ethylene terephthalate) and one example of a ’degradable plastic’
Biothener, polystyrene showed the most rapid rate of deterioration in air,
especially when directly exposed to sunlight. Polystyrene is widely used in
packaging (as expanded polystyrene cushioning or seal-wrapping for food
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items); therefore, it typically has a short service life and is likely to end up in
the environment more frequently than many other polymers. It is crucial to
recognise that while the polystyrene deteriorated rapidly the study did not
quantify biodegradability for any of the materials, and the most likely con-
sequence of the deterioration of polystyrene is the formation of microplastic
particles. It is, therefore, advisable to further quantify the relative impor-
tance of polystyrene as a source of microplastics in the environment.
The experiment showed that the deterioration of all four tested materials
occurred more quickly in air than in 1 m of sea water. This was evidenced
by measurements of loss of material, loss of extensibility and changes in
molecular composition within a maximum exposure period of six hundred
days. The molecular composition of the samples exposed in sea water did
not change, and it is possible that water reduces photo-oxidation regardless
of the UV radiation through a low concentration of dissolved oxygen. The
marine environment where plastics are most likely to deteriorate the fastest
is the intertidal. Marine debris may drift in the sea, cooled by water, shielded
from UV radiation and exposed to little oxygen. As a consequence plastic
items may remain intact at sea for many years. It is therefore likely that
intertidal habitats play an important role in the formation of microplastics
through deterioration in the marine environment. Beach surveys may provide
valuable information on the generation of microplastics, and beach clean-ups
may be an effective way to help reduce the generation of microplastics in
marine environments.
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